According to reports in the literature, icosahedral i-AlPdMn quasicrystalline samples of a similar composition can exhibit very different magnetic and electrical properties, for example, the spin-glass state, the Kondo compensation of Mn magnetic moments, diamagnetism, and the maximum and minimum in the electrical resistivity. In order to shed light on the origin of these differences, we performed x-ray diffraction ͑XRD͒, electrical resistivity, magnetic susceptibility, and nuclear magnetic resonance ͑NMR͒ relaxation studies on three i-AlPdMn samples with high structural quasiperiodic order that were grown by two different techniques-the Czochralski and the self-flux. The measured parameters-the resistivity with its negative temperature coefficient, the fraction of magnetic Mn atoms, and the partial s-state electronic density of states ͑s-DOS͒-of the investigated samples were found to be quite different, despite their comparable XRDdetermined structural qualities. The Czochralski-grown samples were found to be less magnetic and more resistive than the self-flux-grown sample. The amount of magnetic Mn atoms increases with the increased metallic character of the samples. The NMR-determined s-DOS at the Fermi energy was compared to a theoretical ab initio calculation for an Al 71 Pd 21 Mn 8 approximant, and good agreement was found. Our results are in qualitative agreement with the previously observed empirical trend that high resistivity is associated with high structural quality of the i-AlPdMn quasicrystals, but the observed small differences in the structural perfection of the investigated samples do not give convincing support to the hypothesis that this could be the main origin of the large differences in the electrical and magnetic response between the samples.
I. INTRODUCTION
The electrical and magnetic properties of icosahedral i-AlPdMn quasicrystals ͑QC's͒ still represent a major and controversial issue. Regarding the magnetic response, it was shown that at room temperature only a small fraction of all the manganese atoms, of the order of 1%, carry magnetic moments, the rest being nonmagnetic. 1, 2 The deviation from Curie behavior at low temperatures was reported to occur due to a spin-glass transition 1,2 observed typically below 1 K. In other studies, 3, 4 the low-temperature magnetism of i-AlPdMn QC's was explained in terms of the Kondo effect, where the Kondo screening of moments was reported to occur below T K Ϸ0.6-1.2 K. As the Kondo compensated state is nonmagnetic, it is fundamentally different from the spinglass state. It was also reported that the fraction of Mn magnetic moments in the i-AlPdMn strongly depends on the Mn concentration, whereas thermal annealing decreases the magnetic Mn fraction and drives the system toward a diamagnetic state. 5 It is thus not clear whether universal magnetic behavior of the i-AlPdMn QC's exists, relating to their quasiperiodic nature, or whether the behavior is sampledependent, i.e., whether it depends on the sample's composition and its structural perfection.
A similar variety of results were also reported for the temperature-dependent electrical resistivity (T). In general, the resistivities of i-AlPdMn QC's exhibit negative temperature coefficients ͑NTC's͒, but the magnitude of the NTC varies considerably among samples. In addition, the (T) in many cases displays a maximum [5] [6] [7] [8] [9] between room temperature and 4 K and sometimes also a minimum [6] [7] [8] at still lower temperatures. Whereas the maximum in (T) can be explained either by a weak localization of the conduction electrons 10 or by a magnetic effect, 11 the low-temperature minimum was attributed to the Kondo effect. 6 However, it was argued 2 that in good-quality i-AlPdMn QC's the Kondo effect could not take place because of the low density of electronic states ͑DOS͒ at the Fermi energy (E F ), i.e., due to the pseudogap formation. An especially intriguing feature is the large difference between the electrical resistivities of samples grown by different techniques, such as the Czochralski and the ''self-flux,'' which both produce single-grain crystals of very high structural quality. It was claimed 12, 13 that the self-flux technique produces remarkably strain-free crystals with a lower defect density than any other technique. Yet the resistivities of the flux-grown i-AlPdMn samples can be several times smaller than those grown by other techniques, suggesting 12 that the previously observed empirical trend that a very high resistivity is associated with the highest quality i-AlPdMn QC's may not be generally true. An even more pronounced difference is found in the i-AlPdRe family, where the flux-grown samples 14 exhibit resistivities up to two orders of magnitude smaller than the arc-melted samples. In addition, the arc-melted samples exhibit a large (T) increase upon cooling for factors 4 K / 300 K Ϸ10-200, whereas for flux-grown samples this factor is much smaller, amounting to 1.2-2.5 only.
14 Here, we are again faced with the question as to which of these features are intrinsic to the quasiperiodicity and which occur due to finite sample quality. In addition, it is not clear why there is such a pronounced difference between the flux-grown samples and those grown by other techniques.
One of the common features of QC's is the pseudogap in the DOS at E F , which stabilizes the QC structure by reducing the band energy. The anomalously low DOS value at E F has a profound effect on the electronic transport properties of QC's, where it is considered to be responsible for the large electrical resistivity and the small low-temperature specific heat. As the higher-resistivity samples are more diamagnetic, 5 the pseudogap is also indirectly related to the magnetic response of the i-AlPdMn.
In this paper we report on a comparative experimental study of the electrical resistivity, magnetic susceptibility, and NMR relaxation performed on three i-AlPdMn samples of high structural quality, but grown by two different crystalgrowth techniques-the Czochralski and the self-flux methods. The structural perfection was characterized by x rays and was found to be comparable for all three samples, whereas their (T), the fraction of magnetic Mn atoms, and the partial DOS value at E F at the aluminum sites ͑the contribution of s states͒ differ considerably. The comparison of these physical parameters is used to discuss the relation between the structural quality of the samples and their electrical and magnetic response.
II. SAMPLE SELECTION AND X-RAY CHARACTERIZATION
Three icosahedral AlPdMn samples were included in the study. The first sample of composition Al 70. 5 The two growth techniques employed-the Czochralski and the self-flux techniques-are both powerful methods for the growth of incongruently melting materials ͑as most of the QC systems are͒ and both produce single-grain samples of high structural order. In the Czochralski technique, the crystal is essentially unstrained during cooling, so that a high structural perfection can be obtained. Large crystals, up to several cm 3 , can be produced and the orientation of the crystal can be controlled via the seed crystal. The advantage of the self-flux technique is that the crystal can grow freely into the almost isothermal melt, leading to strain-free 12,13 samples with a high structural quality that show faceted surfaces according to their growth morphology. The x-ray diffraction ͑XRD͒ measurements were carried out using a Bruker D4 Endeavor diffractometer and Cu K␣ radiation. Each sample was measured in the range 2 ϭ20°-70°with a step size 0.02°and a measuring time of 4 s. All three samples produced very similar XRD patterns ͑Fig. 1͒ with the lines in identical positions. For all three samples it was possible to ascribe all the observed peaks, even the very weak ones that exhibited only a few percent of the intensity of the strongest 2 4 0 2 0 4 reflection, to those on the PDF card 48-1437 by Matsuo et al. 15 This spectrum was measured from an ingot slowly cooled from 906 to 898°C for 18 h before being quenched, and the sample is considered high quality. In the following we take it as a reference. The analysis of the XRD spectra of Fig. 1 demonstrates that all three samples consist entirely of grains of the F-type icosahedral phase. No additional peaks that could come from secondary phases, either crystalline or quasicrystalline, could be observed in any of our three samples. The sharpness of the XRD lines demonstrates a high degree of long-range order in the QC lattice. The widths of the XRD lines are, within experimental resolution, comparable for all three samples, demonstrating their comparable degree of structural order. However, a tiny difference between the linewidths exists and may be noticed on the diffraction peaks at high angles, which exhibit splitting due to the Cu K␣ 1 and Cu K␣ 2 radiation effect. The inspection of the doublets at angles between 62°and 65°indicates that the lines of the sCz-AlPdMn 8.3 and Cz-AlPdMn 8.3 samples are somewhat narrower, exhibiting smaller overlap within the doublets, as compared to the f -AlPdMn 8.5 sample. Qualitatively, this suggests that the flux-grown sample contains more phason disorder than the two Czochralski-grown samples, but the differences are small. Regarding comparison of the spectra with that of the reference sample, 15 the most perfect fit was found for the sCz-AlPdMn 8.3 sample, which showed a good intensity match. The other two samples exhibited less-good fits in terms of a match of intensities.
The above XRD analysis demonstrates that the quality of all three investigated i-AlPdMn samples is comparable to that of the reference sample, exhibiting high structural quasicrystalline order with no secondary phases present. The absence of secondary phases is here claimed within the precision of the XRD experiment and cannot exclude the presence of minute traces of secondary phases that could possibly be detected by more precise chemical methods ͑which, however, irreversibly destroy the samples͒. However, our XRD characterization, which was performed on powdered samples, cannot detect other types of defects: the microcracks and voids present in the bulk material and its multigrain structure. These defects can have a profound effect on the transport properties of the material. Preliminary investigations with a scanning electron microscope 16 ͑SEM͒ have detected a significant concentration of microvoids with a pentagonal shape ͑20-30 m in size and separated by an average distance of about 200 m͒ in Cz-AlPdMn 8.3 , whereas these were not detected in the sCz-AlPdMn 8.3 and f -AlPdMn 8.5 samples.
III. RESULTS

A. Electrical resistivity
The electrical resistivity (T) measurements were performed by a standard four-terminal method in the temperature interval between room temperature and 4 K. The resistivities ͑Fig. 2͒ exhibit qualitatively similar temperature dependences by first increasing from room temperature on cooling and then decreasing at low temperatures after passing a maximum. Significant quantitative differences, however, exist. The resistivity of the f -AlPdMn 8.5 sample is the lowest and at 315 K amounts to 315 K ϭ1202 ⍀ cm. A broad maximum is reached at 120 K where 120 K ϭ1267 ⍀ cm, the total increase from 315 K to the maximum being rather small: ( 120 K Ϫ 315 K )/ 315 K ϭ5%. The room-temperature resistivity of the Cz-AlPdMn 8.3 amounts to 290 K ϭ2040 ⍀ cm. A broad maximum is reached at 160 K, where 160 K ϭ2046 ⍀ cm, the total increase from room temperature to the maximum being practically negligible: ( 160 K Ϫ 290 K )/ 290 K ϭ0.3%. The (T) data from these two samples are therefore quite similar ͑except for the larger overall resistivity of the Cz-AlPdMn 8.3 sample by a factor of roughly 2͒: both exhibit a very weak increase on cooling ͑and hence a small NTC͒ from room temperature down to the maximum and a significant decrease below this point.
The sCz-AlPdMn 8.3 sample shows, quite surprisingly, a room-temperature resistivity value intermediate between the previous two samples, 300 K ϭ1729 ⍀ cm. However, its increase on cooling is much stronger: (T) reaches a maximum at 60 K, where 60 K ϭ2317 ⍀ cm, the total increase being ( 60 K Ϫ 300 K )/ 300 K ϭ34%. The NTC ͑the slope͒ of (T) between room temperature and the maximum is thus much larger in this superannealed sample and the temperature of the maximum is shifted to lower temperatures. It is remarkable that the (T) curve of sCz-AlPdMn 8.3 even crosses that of Cz-AlPdMn 8.3 at 180 K.
B. Magnetic susceptibility
The magnetic susceptibility (T) measurements ͑Fig. 3͒ were performed in the same temperature range as for (T). variation of M with H is still linear, so that we consider the ϭM /H ratio in the following. contains both a diamagnetic and a paramagnetic contribution, which, in the hightemperature regime, can be described by
The diamagnetic contribution was estimated from the roomtemperature (T) 8.3 samples are consistent with the f values determined from the specific heat and magnetic susceptibility measurements on some other i-AlPdMn samples, 1,2 whereas the magnetic fraction f ϭ4.8% of the f -AlPdMn 8.5 appears quite large within the i-AlPdMn family. The Curie-type temperature dependence of (T) presented in Fig. 3 also demonstrates that the Mn moments are localized.
C. NMR spin-lattice relaxation
The NMR spin-lattice relaxation rate of the QC's was studied before in detail, both theoretically 19, 20 and experimentally. [19] [20] [21] [22] [23] For the i-AlPdMn QC's the 27 Al relaxation rate can be, to a good approximation, taken as a sum of the conduction-electron rate T 1c Ϫ1 and the paramagnetic rate 19 The conduction-electron relaxation rate is written as In the i-AlPdMn QC's an important nuclear relaxation mechanism at low temperatures comes from the relaxation via localized paramagnetic Mn centers in combination with spin diffusion 19 ͑recall that a fraction of the order of 1% of all Mn atoms are magnetic͒. Assuming that the paramagnetic electronic fluctuations are fast on the nuclear Larmor frequency scale, the paramagnetic relaxation rate depends on the longitudinal electronic relaxation time as 24 
. In diluted paramagnets, where the interaction between electronic moments is negligible, normally does not exhibit pronounced temperature dependence, so that T 1 P Ϫ1 is, to a good approximation, temperature-independent. Correlations between electrons introduce an implicit temperature dependence into , a typical example being the slowing-down dynamics of the electronic fluctuations at low temperatures on approaching a cooperative magnetic phase transition or a spin-glass state. There the (T) dependence introduces a temperature dependence into the paramagnetic rate T 1 P Ϫ1 (T). Since the temperature dependence of the electronic relaxation time in our samples is not known, we assume that the paramagnetic rate obeys a power-law temperature dependence, T 1 P Ϫ1 ϭd/T m , as empirically observed 20 in the i-AlPdMn and i-AlCuFe QC's. Here, the power-law exponent m is considered as an experimental fit parameter and the T 1 P Ϫ1 fits with this empirical form should be considered as qualitative only. As our analysis of the electronic DOS shall be performed on the conduction-electron relaxation rate, the exact microscopic model of the paramagnetic relaxation, which only becomes dominant at low temperatures, is of minor importance.
In order to emphasize the difference between QC's and regular metals, the total relaxation rate T 1 Ϫ1 is best analyzed in the form of a (T 1 T) Ϫ1 -vs-T plot, which yields for regular metals a horizontal (T 1 T) Ϫ1 ϭconst line. We shall perform the analysis with the expression 19 1
where aϭ␤ s k B g 0 2 and bϭ␤ s g 0 g 0 Љ( 2 /3)k B 3 are the parameters of the conduction-electron relaxation rate and d and m refer to the paramagnetic rate. In Eq. ͑3͒ we neglected the electric quadrupolar contribution to the relaxation of quadrupolar nuclei such as 27 Al. It was shown 21 that the quadrupolar relaxation in i-AlPdMn QC's is also observable but of lesser importance than the conduction-electron and the paramagnetic terms. The dominant s-type relaxation due to electron-nucleus hyperfine magnetic coupling was also confirmed in the i-AlCuFe͑Ru͒ by inspecting the T 1 ( 65 Cu)/T 1 ( 63 Cu) ratio. 22 The NMR spin-lattice relaxation experiments were performed on 27 Al ͑spin 2 ) nuclear spin transition. The saturationrecovery pulse sequence was employed with a saturation train of 60 /2 pulses of 2 sec duration. The spin-lattice relaxation rate T 1 Ϫ1 was extracted from the magnetizationrecovery curves by the long-saturation magnetic relaxation model of Narath. 25 The relaxation data are displayed in Fig. 4 . The f -AlPdMn 8.5 sample exhibits from 300 to 30 K an almost perfect Korringa-type T 1 TϭconstϷ40 K s dependence, where the second derivative of the DOS g 0 Љ is practically zero. This demonstrates that the DOS g(E) function in the vicinity of the E F is not changing noticeably, resembling the situation in regular metals. The f -AlPdMn 8.5 thus exhibits a quite significant metallic character. The increase of (T 1 T) Ϫ1 below 30 K is caused by the paramagnetic relaxation via the magnetic Mn atoms that starts to dominate over the conduction-electron relaxation mechanism at low temperatures. The T 1 T data were reproduced by Eq. ͑3͒ ͑solid line in Fig. 4͒ 8.5 with respect to the partial s-state DOS of metallic aluminum ͑99.999% purity bulk sample͒, the relaxation data of which are also displayed in Fig. 4 . Pure aluminum is a free-electron-like metal and its NMR relaxation rate exhibits a perfect Korringa law 26 (T 1 T) Al ϭ1.88 K s. The reduction of g 0 in the f -AlPdMn 8.5 with respect to the metallic Al is then obtained from g 0 /g 0 (Al)ϭͱa(T 1 T) Al , where
ϭ␤ s k B g 0 2 (Al) and we adopted the previously used approximation 19 that the proportionality constant ␤ s is the same for the metallic Al as well as for the investigated QC's. Within this approximation we obtain g 0 /g 0 (Al)ϭ0.22, which estimates the g 0 of the f -AlPdMn 8.5 to be reduced to 22% of that of the metallic Al.
The (T 1 T) Ϫ1 data of the Cz-AlPdMn 8.3 sample ͑Fig. 4͒ no longer follow the simple Korringa T 1 Tϭconst law at high temperature, but exhibit a continuous decrease from 300 to about 80 K, where a shallow minimum is observed. Below the minimum (T 1 T) Ϫ1 starts to increase toward low temperatures due to the domination of the paramagnetic relaxation term. As compared to the f -AlPdMn 8.5 sample, two important differences are noticed in the conduction-electron relaxation contribution ͑that dominates above 80 K͒ of the Cz-AlPdMn 7.1 . First, is the nonzero slope of (T 1 T) Ϫ1 above 80 K, which reflects the nonzero second derivative g 0 Љ and hence a steeper variation of the DOS ͑the pseudogap͒ in the vicinity of the E F in this sample. Second is the overall smaller value of the (T 1 T) Ϫ1 , which demonstrates a lower g 0 value. The fit procedure with Eq. ͑3͒ ͑solid line in Fig. 4͒ , and mϷ0 ͑equally good fits could be obtained for m between 0 and 0.25͒, from which we find the ratio g 0 /g 0 (Al)ϭ0.18, slightly lower than that in the more metallic f -AlPdMn 8.5 . From the parameters a and b the ratio
2 ) could also be determined, which for the Cz-AlPdMn 8.3 amounts to 384 eV Ϫ2 . The (T 1 T) Ϫ1 data of the sCz-AlPdMn 8.3 sample ͑Fig. 4͒
exhibit the minimum at 100 K and the smallest overall (T 1 T) Ϫ1 values, demonstrating that the pseudogap in this sample is the deepest. The fit ͑solid line in Fig. 4͒ Ϫ2 s Ϫ1 and mϭ0. In order to demonstrate the almost negligible effect of the paramagnetic relaxation at temperatures above the (T 1 T) Ϫ1 minimum, the conduction-electron rate is shown separately by a dashed line. It is seen that above 100 K the total rate ͑solid line͒ is practically indistinguishable from the conduction-electron rate ͑dashed line͒.
The above partial s-state DOS values at the E F of the i-AlPdMn samples, which are related to the degree of their metallic character, thus differ quite significantly. The obtained g 0 /g 0 (Al) values in the range 0.13-0.22 are consistent with the value g 0 /g 0 (Al)ϭ0.12 determined for the i-AlCuRu by a similar NMR relaxation experiment. 23 Our
values of about 400 eV
Ϫ2 also agree with that of the i-AlCuRu, where an estimated value of 500 eV Ϫ2 was reported.
23
IV. DISCUSSION
In order to get a quantitative insight into the NMRdetermined partial s-state DOS value at E F we compared the experimental g 0 /g 0 (Al) values in the range 0.13-0.22 to the theoretical expectations, which we obtained by performing an ab initio electronic structure calculation of the total and partial DOS of an Al 71 Pd 21 Mn 8 approximant using the relaxed structural model of Quandt and Elser 27 with the exact Immm symmetry. 28 We used the linear muffin-tin orbital ͑LMTO͒ method, 29, 30 and the details of the calculation are given in Table I 8.5 contains the largest magnetic fraction f ϭ4.8%, the largest s-DOS ͓g 0 /g 0 (Al) ϭ0.22͔ but again with a small NTC. This strongest magnetic sample also exhibits the smallest absolute value of the resistivity, whereas the resistivities of the other two samples are comparable and about a factor of 2 larger. At low temperatures, the least magnetic sCz-AlPdMn 8.3 exhibits the highest resistivity.
Regarding the magnetic response, the magnetic Mn fractions increase in the order sCz-AlPdMn 8.3 →Cz-AlPdMn 8.3 → f -AlPdMn 8.5 . Together with the increasingly larger s-state DOS value at E F and the decreasing electrical resistivity in the same order of samples this indicates that the enhanced magnetism follows the increased metallic character of the samples. This conclusion is in agreement with a similar observation in a recent study 4 involving only Czochralskigrown i-AlPdMn samples.
When relating the electrical and magnetic response of the three investigated i-AlPdMn samples to their structural perfection, we can make the following conclusions. X-ray analysis ͑Fig. 1͒ shows that all three samples are of high and comparable structural quality. A small difference in the diffraction peak widths indicates a slightly smaller amount of phason disorder in the two Czochralski-grown samples as compared to the flux-grown f -AlPdMn 8.5 . No clear distinction between the structural qualities of the two Czochralski samples can be made on this basis, except for the fact that the intensity match of the x-ray lines of the sCz-AlPdMn 8.3 sample to the reference sample 15 is slightly better than that of the Cz-AlPdMn 8.3 . According to this, there exists a qualitative indication that the superannealed sCz-AlPdMn 8.3 sample could be structurally the most perfect and the f -AlPdMn 8.5 contains slightly more phason disorder than the two Czochralski samples. One should, however, keep in mind that all three samples are of high quality and that the differences in their structural perfection are not large. The often-claimed correlation between the structural perfection and the magnetic and electrical response of QC's, i.e., that higher resistive and less magnetic samples are structurally more perfect, is still qualitatively supported by our results, though it does not appear obvious for high-quality QC's. Such a trend may be anticipated for samples of medium and poor quality that exhibit considerable disorder in the QC lattice and possibly contain secondary phases, either periodic or quasiperiodic. Such degradation of the long-range quasiperiodic order certainly acts to recover and increase the metallic character of the QC's, but these effects are extrinsic to the quasiperiodicity.
In our study, the lowest-resistive and strongest-magnetic f -AlPdMn 8.5 sample is structurally not much different from the two Czochralski samples, yet its (T) and (T) properties are considerably different and show trends normally attributed to ''bad'' QC's. Anticipating that the observed tiny differences in the structural qualities of the three investigated i-AlPdMn samples could be at the origin of their different electrical and magnetic response, then even a minute amount of disorder could play a critical role in the magnetic and transport properties of QC's. With this in mind, it is fair to say that the magnetic ground state and the electrical conductivity intrinsic to the quasiperiodicity of the i-AlPdMn QC's need further consideration by performing experiments on defect-free single-phase and single-grain samples of further improved structural quality and grown by different techniques.
V. CONCLUSIONS
The electrical resistivity, magnetic susceptibility, and partial s-state DOS physical parameters of the three investigated i-AlPdMn QC's show significant differences, despite their comparable XRD-determined structural qualities. The Czochralski-grown samples were found to be less magnetic and more resistive than the self-flux-grown sample. The larger amount of magnetic Mn atoms correlates with the increased metallic character of the samples. Though our results are in qualitative agreement with the previously observed empirical trend that high resistivity is associated with high structural quality of the i-AlPdMn QC's, the small differences in the structural perfection of the investigated samples do not give convincing support to the hypothesis that this could be the main origin of the large differences in the electrical and magnetic response between the investigated samples. The ambiguity, whether high resistivity is associated with high structural quality, has also been raised in similar experiments on flux-grown i-AlPdMn samples 12 as well as for some other QC families such as 14 the i-AlPdRe and the rare-earth-containing 32 i-ZnMgR, where R denotes a rareearth metal. Our study, which combines results of Czochralski-and flux-grown i-AlPdMn samples, cannot discard this ambiguity.
We have shown that even in the case of high-quality samples of comparable structural order, the electrical resistivity, the electronic DOS at E F , and the number of magnetic Mn atoms differ considerably. As these physical parameters have a profound effect on the magnetic and transport properties of QC's, it is not surprising that such a large variety of very diverse physical phenomena were reported so far in the literature for differently prepared i-AlPdMn samples.
